We investigated macrophage activation by fucoidan from Laminaria angustata var. longissima in a murine macrophage cell line, RAW 264.7. The ratio of the chemical composition of the fucoidan was L-fucose: D-galactose:D-glucose:D-xylose:uronic acid:sulfate = 1.00:0.54:0.08:0.08:0.64:0.87. The fucoidan induced production of nitric oxide, tumor necrosis factor-, and interleukin-6 in RAW 264.7 cells. These results indicate that the fucoidan induced macrophage activation.
Fucoidan is a sulfated polysaccharide found in the cell-wall matrix of brown algae. There have been many reports that fucoidans from various brown algae have biological activities, such as anti-tumor, 1) anticoagulant, 2) anti-human immuno-deficiency virus, 3) and induction of apoptosis. 4) We have isolated a novel acetyl fucoidan from Cladosiphon okamuranus, 5, 6) and have reported macrophage activation by acetyl fucoidan. 7) Macrophages are multifunctional cells that play significant roles in host defense. They phagocyte an invaded pathogen and produce inflammatory mediators and cytokines. Nitric oxide (NO), which is known to be an inflammatory mediator, is produced by the activation of inducible nitric oxide synthase (iNOS) from Larginine. 8) NO has been reported to play an essential role in the cytolytic function, the killing of pathogens, and the tumoricidal action. [9] [10] [11] Cytokines have an important role in the regulation of the inflammatory and immune responses. 12) Polysaccharides isolated from plants and algae have been reported to enhance macrophage activation. [13] [14] [15] Laminaria angustata var. longissima is a brown alga eaten widely since 300 years ago in Okinawa, Japan. We have reported structural characteristics of fucoidans from L. angustata var. longissima.
16) The fucoidans were obtained at about 1.4% w/w on the basis of dry matter, and they consisted of L-fucose, D-galactose, D-xylose, D-glucuronic acid, and sulfuric acid. We here investigated macrophage activation by the fucoidan in a murine macrophage cell line, RAW 264.7.
Dulbecco's modified Eagle medium (DMEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco BRL (Grand Island, NY). AntiiNOS rabbit IgG monoclonal antibody and anti--actin rabbit IgG polyclonal antibody were from Sigma (St. Louis, MO).
The total carbohydrate and uronic acid of the fucoidan was analyzed by the phenol-sulfuric acid method 17) and the carbazole-sulfuric acid method 18) respectively. The sulfate content of the fucoidan was measured by the turbidimetric method. 19) The monosaccharides in the hydrolysate of the fucoidan were determined using high-performance anion exchange chromatography (DX-500, Dionex, Sunnyvale, CA), and fitted with a column of Carbopack PA1 and a pulsed amperometric detector. The column was eluted at a flow rate of 1 ml/min at 35 C with 15 mM NaOH for neutral sugar.
The molecular mass of the fucoidan was measured by high-performance liquid chromatography (LC-6A; Shimadzu, Kyoto, Japan) with a column of TSKgel PW XL (7:8 Â 300 mm, Tosoh, Tokyo), and detected with a refractive index detector (RID-6A; Shimadzu) at room temperature. The column was eluted by 150 mM NaCl in 50 mM phosphate buffer (pH 7.2) at a flow rate of 0.3 ml/min. RAW 264.7 cells (ATCC TIB-71) were purchased from the American Type Culture Collection (Bethesda, MD). Cells were grown in DMEM that contained 10% v/v FBS, 100 IU/ml of penicillin, and 100 mg/ml of streptomycin. The cells were plated and incubated at 37 C in a 5% CO 2 atmosphere. NO production was determined by measuring the accumulation of nitrate in the culture supernatant using the Griess reaction. RAW 264.7 cells were plated at 2:5 Â 10 5 cells/well in 48-well culture plates and then treated with the fucoidan. Supernatants (100 ml) were obtained and then mixed with 100 ml of Griess reagent (1% sulfanilamide, 0.1% N-(1-naphthy)-ethylenediamine dihydrochloride, and 2% phosphoric acid), and the mixture was incubated at room temperature for 20 min. After incubation, the absorbance of the reaction mixture was measured at 550 nm with a microplate reader. The nitrate concentration in the supernatants was calculated using the sodium nitrite standard curve.
RAW 264.7 cells were plated 2:5 Â 10 5 cells/well in 48-well culture plates. They were treated with various concentrations of the fucoidan for 24 h, and then the culture supernatants were obtained. The concentrations y To whom correspondence should be addressed. Tel/Fax: +81-98-895-8814; E-mail: tako@eve.u-ryukyu.ac.jp Abbreviations: DMEM, Dulbecco's modified Eagle medium; ELISA, enzyme linked immunosorbent assay; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; TNF-, tumor necrosis factor-of tumor necrosis factor-(TNF-) and interleukin-6 (IL-6) in the supernatants were measured with enzyme linked immunosorbent assay (ELISA) kits (Pierce Biotechnology, Rockford, IL) following to the manufacturer's instructions. RAW 264.7 cells were treated with the fucoidan. The cells were scraped off the dish into phosphate buffered saline and spun at 2;000 Â g for 3 min. They were lysed with SDS sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, and 10% 2-mercaptoethanol), and centrifuged at 15;000 Â g for 5 min. The protein content in the cell lysates was measured by modified Lowry assay (DC Protein Assay, Bio-Rad Laboratories, Hercules, CA). An equal amount of proteins was separated by SDS-PAGE and then electro-transferred to a polyvinylidene difluoride membrane. Quantification of iNOS protein was monitored by immunoblot analysis using anti-iNOS. Immunoreactive bands were visualized by chemiluminescence (ECL Plus Western Blotting Detection Kit, GE Healthcare, Waukesha, WI).
Data were expressed as mean values AE SEM and were analyzed by Student's t test or analysis of variance (ANOVA), followed by Dunnett's test for pair-wise comparison. The levels of significance were at a p value of less than 0.05.
The total carbohydrate and uronic acid contents of the fucoidan were 73.8 and 20.2% respectively. The sulfate content was estimated to be 17.8%. The liquid chromatogram of the hydrolysate of the fucoidan indicated a major peak identical to those of L-fucose and D-galactose, and a small peak identical to those of D-glucose and D-xylose, the molar ratio of which was 1.00:0.54:0.08:0.08. The ratio of the chemical composition of the fucoidan is shown in Table 1 . Its molecular mass was estimated with pullulan as standard to be approximately 640,000 by gel permeation chromatography.
We investigated the effects of the fucoidan on macrophage function in RAW 264.7 cells. First, we evaluate the effect of the fucoidan on the NO production of RAW 264.7 cells. The level of NO production can be used as a quantitative index of macrophage activation. As shown in Fig. 1A , the basal level of NO production by the untreated cells was low. The fucoidan significantly increased NO production in RAW 264.7 cells in a dose-dependent manner. To confirm that the increase in the NO production was to be attributed to the induction of iNOS, we measured iNOS protein levels by immunoblot analysis. The fucoidan increased the iNOS protein level in the RAW 264.7 cells (Fig. 1B) . The -actin protein level was unaffected by the fucoidan. NO production was determined using the Griess reaction. Data are means AE SEM for three independent experiments. Asterisks show statistically significant difference from the control group (p < 0:05). Cell lysates were prepared and subjected to SDS-PAGE and then to immunoblot analysis for iNOS and -actin. Equal loading of the lanes was demonstrated by similar levels of -actin.
A B Furthermore, we evaluated the effect of the fucoidan on inflammatory cytokine TNF-and IL-6. It increased the production of TNF-and IL-6 in RAW 264.7 cells in a dose-dependent manner (Fig. 2) . These results indicated that the fucoidan induced macrophage activation, leading to production of NO, TNF-, and IL-6. It has been reported that fucoidans from brown algae induced macrophage activation. 7, 20, 21) However, the mechanism of fucoidan induced-macrophage activation varies with its structural features. 7, 20) Further studies are required to make clear the structure-activity features of the fucoidan from L. angustata var. longissima.
In this study, we found macrophage activation by the fucoidan from L. angustata var. longissima. The present results suggest that the fucoidan can be utilized as an immune stimulant. L. angustata var. longissima is a major traditional foodstuff because it has been eaten in large quantities for 300 years in Okinawa. In recent years, the Okinawan population has the best health and greatest longevity on the planet. 22) Kelp perhaps contributes to a healthy life in the Okinawan population.
